Saplings of Euptelea polyandra were studied to determine whether tree species found on unstable hillslopes of temperate, old-growth forests in Japan carry substantial storage materials for sprouting replacement genets, as is the case with resprouter species of fire-prone areas. Concentrations (% d. wt basis) of carbohydrates (starch, sucrose, glucose and fructose) contained in roots, stems and leaves were measured in summer and winter. E. polyandra saplings were compared with those of Quercus serrata (a frequently sprouting tree), and those of Mallotus japonicus and Idesia polycarpa (rarely sprouting trees) in the same forest. Total concentrations of carbohydrates (the sum of starch, sucrose, glucose and fructose) in roots were lowest in E. polyandra in both summer and winter. In addition, E. polyandra had a lower ratio of root biomass to total plant biomass than Q. serrata, but similar to that of the nonsprouting species, M. japonicus and I. polycarpa. On the other hand, the total concentration of carbohydrates in the above-ground parts were similar in the four species in both summer and winter. These results indicate that E. polyandra had less long-term storage resources to implement sprouting, in spite of its apparent effectiveness in sprouting. We propose hypotheses to explain the reason why E. polyandra stores a relatively small amount of resources for sprouting.
INTRODUCTION
Sprouting of new shoots, or epicormic branching, is an important ability of woody plants for repairing plant architecture damaged by physical disturbances (Halle! , Oldeman and Tomlinson, 1978) , and this ability is regarded as critical for maintenance of plants in regions frequently exposed to large-scale catastrophic disturbances. For example, in tropical rain forests located in the path of hurricanes, trees employ sprouting mechanisms to offset injuries caused by severe storms (Basnet, 1993 ; Bellingham, Tanner and Healey, 1994 ; Zimmerman et al., 1994) . Similarly, in fire-prone communities of Mediterranean climate regions, many plants of a range of taxa survive frequent fires by vigorous resprouting (resprouters ; Naveh, 1975 ; Tsuda, 1995) . More generally, in periodicallyharvested temperate broad-leaved forests, most tree species have the inherent ability to sprout new shoots from stumps. For example, 95 % of trees sprout after cutting during winter in secondary deciduous mixed forests in northern Japan (Matsui, 1951) .
Species which spontaneously and prolifically sprout usually possess specific mechanisms that facilitate sprouting. For instance, analyses of growth characteristics have revealed that fire-resistant resprouter species have dis- † For correspondence.
proportionately large roots or rhizomes containing high concentrations of carbohydrates and nutrients (Pate et al., 1990 ; Hansen, Pate and Hansen, 1991 ; Pate, Meney and Dixon, 1991 ; Bowen and Pate, 1993) , and in certain studies it has been proved that these resources are utilized for resprouting after fire (Bowen and Pate, 1993) . Moreover, there are many resprouters, such as Eucalyptus species, which have specialized organs, lignotubers, carrying dormant buds (Carr, Jahnke and Carr, 1984 ; James, 1984) and possessing resources in the body of the lignotubers which facilitate sprouting (DeSouza, Silka and Davis, 1986) . In addition to these empirical studies, a recent theoretical study by Iwasa and Kubo (1997) has predicted that plants at frequently disturbed sites should allocate large proportions of their resources to below-ground parts for future resprouting.
Viewed more generally, there are also many woody species which sprout frequently, even in temperate natural forests where catastrophic fire and damage from wind are rare events (Johnston and Lacey, 1983 ; Koop, 1987 ; Nakagoshi and Wada, 1990 ; Ohkubo, 1992 ; Sakai, Ohsawa and Ohsawa, 1995) . Although the functions of their sprouting habits have not been fully studied, such sprouting is probably a countermeasure against highly localized disturbance, for example, uprooting or natural tree fall (Koop, 1987 ; Schaetzl et al., 1989) . Sakai et al. (1995) erodible hill slopes. In steep terrain, large areas along rivers and streams are occupied by unstable slopes covered with thin soil or loose alluvial deposits which are susceptible to ground-surface disturbances, such as slope failure, or small and shallow rapid landslides (Swanson et al., 1988 ; Nakamura, 1990 ; Hunter and Parker, 1993) . Euptelea polyandra Sieb. et Zacc (Eupteleace) is a typical tree species distributed on unstable ground in temperate forests in Japan Ohsawa, 1993, 1994 ; Shimada, 1994 ; Ozaki and Ohsawa, 1995) , and is frequently uprooted or heavily inclined (Sakai et al., 1995) . Each adult tree carries several hundred dormant buds capable of sprouting, and the species has the capacity to maintain genets by basal and upper trunk sprouting (Sakai et al., 1995) . One may, therefore, pose the question as to whether trees that sprout after damage due to ground-surface disturbances maintain substantial amounts of reserve resources for sprouting, as is the case with resprouters in frequentlyburned areas. Storing resources without using them should, in the longer term, result in low photosynthetic rates, since carbon devoted to storage products detracts from possible investment in new leaf area. In fact, resprouters have lower growth rates than those not able to sprout (James, 1984 ; Pate et al., 1990 ; Hansen et al., 1991) , indicating that they store resources at the expense of a high growth rate. However, in the case of partial or complete uprooting due to ground-surface disturbances, above-ground parts may continue to live, or even if they die, may be drawn on for resources. Hence, trees in these habitats might not need to store resources in their below-ground parts, but rather allocate these resources to photosynthetic parts.
In the present paper, we investigate the amounts of storage resources allocated by trees of E. polyandra to their below-ground parts. We measured dry weights and concentrations of major carbohydrates, such as starch, sucrose, glucose and fructose in the above-and the below-ground parts of this species and compared them with other trees in the region, i.e. Quercus serrata Thunb., Mallotus japonicus (Thunb.) Muell. Arg., and Idesia polycarpa Maxim. These latter species have differing sprouting abilities.
MATERIALS AND METHODS

Study site and plant species
The study site was the Tokyo University Forest in Chiba (35m12h N, 140m09h E), central Japan. The sampling sites were 200 m above sea level and located in a warm-temperate region with an annual mean temperature of 14n1 mC, and annual precipitation of 2470 mm.
Euptelea polyandra occurs in the upper parts of warmtemperate mixed forests (dominated by evergreen Fagaceae trees such as Quercus acuta and Castanopsis sieboldii, and temperate conifers such as Abies firma), and in the lower parts of cool-temperate mixed forests (consisting of deciduous trees such as Fagus crenata, and temperate conifers such as Abies firma) in Honshu, Shikoku, and Kyushu, Japan. Quercus serrata (Fagaceae) is broadly distributed in warm-temperate mixed forests, and in the lower parts of cool-temperate mixed forests of Japan. This species also has a high sprouting ability, and is commonly used for coppicing. Q. serrata tends to occur on relatively stable, developed soils, and natural forests of the species are perhaps maintained through wild-fires (Nakashizuka and Iida, 1995) , partly because of their high resprouting ability after fires (Tsuda et al., 1986 ; Tsuda, Kikuchi and Miura, 1988) . Mallotus japonicus (Euphorbiaceae) and Idesia polycarpa (Flacourtiaceae) are widely distributed in warm-temperate forests of east Asia. They rarely sprout, and usually consist of only single trunks (Hirabuki and Abe, 1993 ; Shimada, 1994) . They are common pioneer, or early-successional tree species in regions of Honshu, Shikoku, and Kyushu, Japan. All four species studied are deciduous broad-leaved trees.
Sampling of plant materials
Saplings ( 2 m in height) of E. polyandra, Q. serrata, M. japonicus and I. polycarpa growing in the Tokyo University Forest were excavated to their full rooting depth in the summer (Jul.) and winter (Dec.) of 1994, except for summer samples of I. polycarpa, which could not be excavated to full rooting depth. Plants growing in their normal The excavated samples were separated into roots, stems and leaves, and dried at 85 mC in a drying oven for 48 h or more. Dry weights were measured, and the samples then milled with a vibrating sample mill (TI-100, Heiko, Tokyo). Each milled sample was stirred and homogenized, and an aliquot (0n4 g) of each was stored in 80 % ethanol (40 ml).
Mallotus japonicus
Roots (2) 5n10 2n22 0n46 0n58 Roots (3) 7n23 2n62 0n14 0n17 (2n53) (0n91) (0n07) (0n16) (2n46) (0n79) (0n06) (0n07) Stem (4) 1n01 1n10 0n34 0n48 Stem (3) 3n50 1n64 0n38 0n41 (0n40) (0n48) (0n13) (0n18) (0n64) (0n34) (0n22) (0n24) Leaves (4) 0n44 0n52 0n90 1n33 (0n20) (0n39) (0n39) (0n68) Idesia polycarpa Roots (2) 1n62 2n24 0n49 0n69 Roots (2) 7n01 4n15 0n36 0n38 (1n18) (1n33) (0n62) (0n69) (0n14) (0n86) (0n23) (0n23) Stem (2) 0n09 0n72 0n24 0n52 Stem (2) 1n46 2n10 0n23 0n23 (0n12) (0n56) (0n18) (0n30) (0n03) (0n32) (0n06) (0n09) Leaves (2) 0n18 1n14 0n46 1n07 (0n04) (0n33) (0n02)(0n12)
Analyses of carbohydrates
To estimate the amount of resources the saplings invested in their roots, stems and leaves, we measured the concentration of starch-the main food and reserve substance in woody plants (Zimmermann and Brown, 1971) , and the concentration of three sugars (glucose, sucrose and fructose)-the most essential assimilation products.
Determinations of the sugars in ethanolic extracts were made. Each milled sample was shaken with 80 % ethanol ; extracts were dried to remove ethanol and resolved with deionized water. To precipitate proteins, barium hydroxide and zinc sulphate were added, and the precipitates removed with filter paper and 0n2 µm filters. The filtrates were separated with high performance liquid chromatography (HPLC) using a column, Shodex Ionpak KS-801 (Showa Denko Co., Tokyo). Sugars were eluted with deionized water at 1n0 ml min − " at 50 mC and detected using a refractive index detector, Jasco 830-RI (Nippon Bunko Co., Tokyo). Identification of sugars, and determination of their concentrations, were conducted based on comparisons with appropriate reference solutions of the compounds in question.
The concentrations of starch were determined in the residues of the ethanol extracts. Starch was extracted and hydrolyzed to glucose by perchloric acid. After neutralization by sodium hydroxide, the extracts were subjected to HPLC and the concentrations of glucose were detected with the above-mentioned procedure.
Data analyses
The total concentration of carbohydrates (starchj sucrosejglucosejfructose) were compared among the species in the above-(stemsjleaves) and the below-ground (root) plant parts and in the sample seasons, using threefactor analysis of variance (ANOVA). Significance differences in the total concentration of the carbohydrates among species were further tested using Scheffe! 's multiple comparison test.
The dry weight ratio of root weight to total plant weight was calculated for each species. Figure 1 shows the concentrations of carbohydrates based on the respective concentrations of starch, sucrose, glucose and fructose in the roots, stems and leaves of each species, in each sampling season ( (Table 2) indicates that the total concentration of carbohydrates was significantly different among the species, among the plant parts, and between the seasons. In terms of the species, Q. serrata had the highest total concentration of carbohydrates, and the concentrations decreased in the order M. japonicus I. polycarpa E. polyandra. These differences between species were all significant, except for the difference between M. japonicus and I. polycarpa (Scheffe! 's multiple comparison ; P 0n001). In terms of plant parts, the total concentration of carbohydrates in below-ground parts was higher than that in above-ground parts. With regard to sampling season, total concentrations of carbohydrates in winter were higher than in summer. The interaction of species and plant parts (SpiP) also significantly affected the total concentration of carbohydrates. For example, the concentration in the below-ground parts of E. polyandra was much lower than that of other species, while the concentration in its above-ground parts was similar to that of the other species (Fig. 1) . In other words, trees of E. polyandra had similar total concentrations of carbohydrates in their below-and above-ground parts, while trees of the other species had higher concentrations in their below-ground, than above-ground parts. Also, the significantly higher total concentrations of carbohydrates in trees of Q. serrata were clearly due to the very high concentration in their roots, since their above-ground parts had concentrations similar to those of other species. Of the four carbohydrates (Table 2) , starch was the most abundant, particularly in roots. Roots of E. polyandra had a lower concentration of all sugars and starch, both in summer and winter, than roots of the other species, with the only exception being that the concentration of glucose and fructose in winter was the same as that of other species. Figure 2 shows the dry weight ratios of roots to the total plant parts for E. polyandra, Q. serrata, M. japonicus, and I. polycarpa in summer and winter. The root ratios did not differ between the two seasons for any species (except for I. polycarpa, for which data were not available). The root ratios of Q. serrata were larger than those of the other three species.
RESULTS
DISCUSSION
In many previous studies, sprouting abilities of plants have been ascribed to higher levels of resources, particularly starch, in the plant tissues (Woods, Harris and Caldwell, 1959 ; Jones and Laude, 1960 ; Karizumi, 1979 ; Pate et al., 1990 Pate et al., , 1991 Bowen and Pate, 1993 ; Zasada et al., 1994) . For example, Pate et al. (1991) found that sprouting species of the monocotyledon family, Restionaceae, had higher concentrations of carbohydrates than non-sprouting species, among 82 species in fire-induced vegetation in southwestern Australia. However, our results indicated that the most prolifically sprouting species, Euptelea polyandra, invested a relatively small amount of resources in its roots in comparison with both the other frequently sprouting species, Quercus serrata, and the rarely sprouting species, Mallotus japonicus and Idesia polycarpa. The roots of E. polyandra had a small dry weight relative to total plant parts, and included low concentrations of carbohydrates, whilst the roots of Q. serrata were large relative to the total plant parts, and included high concentrations of carbohydrates. The dry weights of roots of M. japonicus and I. polycarpa were small relative to total plant weights, but included medium concentrations of carbohydrates.
These results are consistent with our resource recovery hypothesis, stating that trees possessing high sprouting capacity to counteract ground-surface disturbances are likely to obtain resources for sprouting from their aboveground parts, since these parts usually survive disturbances. The type of disturbance, as well as the frequency, ought to be considered in evaluating the amount of resources which should be reserved for future sprouting (Iwasa and Kubo, 1997) . On the other hand, E. polyandra has a similar concentration of carbohydrates in the above-ground parts to that of the other species, also indicating that it does not store resources to an unusually large extent in its aboveground parts. If plants can recover resources from their photosynthetic parts after disturbances, they need not store resources for sprouting and can still maintain a high photosynthetic rate in periods between disturbances. This may be the strategy of E. polyandra.
However, at least two other hypotheses may be proposed : the resource disuse hypothesis and the architectural constraint hypothesis. The former hypothesis holds that resource storage may not be for sprouting per se, but rather for rapid growth of sprouting shoots when competing with neighbouring trees. In this hypothesis, well spaced trees growing in less competitive habitats, such as unstable steep slopes, would not need to store resources.
The architectural constraint hypothesis states that trees growing on shallow, unstable ground simply cannot develop sufficiently large and extensive root systems for establishing effective reserves below ground. Indeed, the root architecture of the saplings is quite different among the species studied (Karizumi, 1979 ; A. Sakai, pers. obs.) , Euptelea polyandra having a poor tap root but well-developed fine lateral roots, and Quercus serrata a well-developed tap root, but few lateral roots. The root systems of M. japonicus and I. polycarpa are intermediate between the above types, having relatively well-developed tap and lateral roots. Root architecture may be related to the habitat type of each species, and the E. polyandra root type probably coincides with unstable, shallow, rocky habitats (Basnet et al., 1992 ; Huante, Rincon and Gavito, 1992 ; Kohyama and Grubb, 1994) . The latter authors also conjecture that root systems with many fine lateral roots, instead of a developed tap root, may be effective in anchoring the plants and absorbing resources on rocky soils. Such root systems are apparently not suited for storage of resources, so there is an inevitable trade-off in developing fine root systems at the expense of reserving resources.
Several experiments may be suggested for further testing of these hypotheses. For example, if one were to remove the above-ground parts of E. polyandra and sprouting did not take place, the resource recovery hypothesis would be supported. However, if sprouting is possible after cutting, the resource disuse hypothesis becomes plausible. It would then be necessary to ascertain whether E. polyandra does indeed grow in less competitive environments than fireresistant resprouters. To test the architectural constraint hypothesis, comparative studies with other sprouting species might be used to test whether species with high sprouting ability usually distributed on stable, developed soils, do tend to have well developed tap roots containing abundant resources. Transplanting experiments would also be useful since, if the hypothesis is true, E. polyandra might possibly allocate an increased proportion of resources to roots when transplanted into stable ground with deep soils.
For herbaceous plants, several authors have also examined recovery of shoots defoliated by herbivores. Although the potential for recovery after defoliation is generally positively related to a high root\shoot ratio (Van der Meijden et al., 1988) , the annual herbs Senecio ulgaris (Obeso and Glubb, 1994) and Abutilon theophrasti (Lee and Bazzaz, 1980) recover by assimilating at a fast rate, rather than by utilizing massive amounts of reserves from their roots. This strategy may be analogous to that of E. polyandra ; however, annual plants might not be able to store resources in their underground parts due to the limited growth period, in contrast to the tree species E. polyandra.
In conclusion, we have shown that trees of E. polyandra store relatively small amounts of resources in their roots, even though they sprout frequently. Thus, the resource allocation strategy in sprouting species seems to be more complicated than previously thought. We have proposed three hypotheses to explain allocation strategies, and these hypotheses can now be tested experimentally.
